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Abstract

Germplasm line J87-233 is resistant to soybean cyst nematode (SCN) races 1, 2, 3, 5 and moderately resistant
to race 14 with resistance derived from 3 primitive sources, ‘Peking’, PI 88788 and Pl 90x¥6Brdgeny of

J87-233 and SCN-susceptible ‘Hutcheson’ cross were evaluated for response to SCN races 1, 2, 3, 5 and 14.
Linkage groups (LG) A, B, F, G, J, M, N, S were tested with 215 genomic clones and 45 decamers for parental
genotypes. QTL for race 1 and QTL for race 3 were detected on LG A2, the region of BLT65V and SCAR
548/563 1001025975 The cluster analysis of 12 soybean cultivars and 38 plant introductions confirmed association
of SCARy 1001025975 With resistance to races 1 and 3, and suggested possible DNA rearrangements that might give
rise to new resistance specificities in the region. The highly significant association of K69T marker with SCN race

1 resistance in conjunction with its location, 18.5 cM from the reported QTL, exemplifies the importance of the
QTL locus on LG G and suggests expansion of the linkage map in the LG G-terminal region. Detected interaction
between loci on LG A2 and LG G, and also with loci on LG F and LG M, may play a significant role in the
genotype-specific response to SCN. Identification of two major regions on LG A2 and LG G for SCN resistance
shows their applicability to advanced germplasm, however, transmission of molecular marker alleles indicates that
applied markers are not yet reliable in revealing all possible recombination events in breeding for SCN resistance.

Introduction profile. Cultivars with broad based resistance may im-
part a stronger buffering capacity to the challenges of
One of the most destructive pests of soybealy¢ine race shifts within nematode field populations, and can
max (L.) Merrill) in the USA is soybean cyst nema- exhibit resistance to multiple SCN races.
tode (SCN),Heterodera glycineschinohe. In efforts Previous efforts to develop a comprehensive ge-
to combat this pathogen, soybean breeders have denetic linkage map and establish useful molecular
veloped cultivars with genetic resistance derived from marker associations with SCN resistance genes have
primitive plant introductions (PIs). Resistance to SCN most often utilized populations created from wide
is a multigenic trait, such that Pls may express resis- crosses involving a Pl and an advanced susceptible
tance through mechanisms conferred by several dif- cultivar [5, 6, 12, 21]. Linkage groups (LGs) A2
ferent genes or alleles [14]. Breeding efforts have re- and G [18] have been established as the likely loca-
sulted in cultivars that have inherited resistance genestions of major QTLs for SCN resistance, with minor
from one or two resistant Pls. This can be described QTLs found on linkage groups F, J, K, M and N
as ‘narrow-based resistance’ as compared to ‘broad-[5, 6, 12, 21]. In this study we applied the cumula-
based resistance’ where several Pls of diverse originstive SCN resistance QTL mapping information to a
are the contributors of resistance to a cultivars’ genetic population derived from advanced breeding lines of
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complex genetic backgrounds. Germplasm line J87- RFLP analysis

233 has inherited SCN resistance from three resistance

sources, ‘Peking’, P1 88788 and Pl 90763 [23]. The Restriction fragment length polymorphism analyses
pedigree for J87-233 is given in Figure 1. This line Wwere performed with DNA of parental and progeny
was chosen for our study because it represents geno-genotypes as described by Skorupskal. [19]. Five
types more likely to be used in an actual breeding restriction enzymes were useficoRl, EcoRV, Dral,
program for SCN resistance than a single PI. J87-233 Tad, andHindlll (Promega, Madison, WI). Soybean
was crossed with SCN-susceptible cultivar ‘Hutche- genomic clones were obtained from Biogenetic Ser-
son’, another advanced genotype [3]. We refer to this Vices, Inc. (Brookings, SD). Polymorphisms detected
cross as an ‘authentic’ breeding cross which could be between parents were applied to thgzForogeny.
used to develop a high-yielding cultivar with broad- Markers were anchored to linkage groups using the
based SCN resistance within a few generations of Same probe/enzyme combinations that had been used
selection. We characterized the specific chromosomalto develop the soybean molecular linkage map re-
regions that have persisted throughout selection for Ported by Shoemaker and Specht [18].

SCN resistance in the development of J87-233, and

evaluated the effectiveness of previously established RAPD analysis

SCN resistance molecular markers, as applied to this

authentic breeding population. The RAPD analyses were performed with procedures

described by Skorupsket al. [19]. Primers used in
RAPD analyses were obtained from Operon Technolo-
gies (Alameda, CA).

The SCAR primers 548 and 563{(6 CAGATATC
CAACAGTTGGGAC-3 and B-TGGAATGACTGCA
ACCTGAGAG-3, respectively) were developed from

A soybean population of 125fndividuals was devel- the sequence of a 1 kb fragment of the aspartokinase-
oped from a cross between germplasm J87-233 and cv.nomoserine dehydrogenase gene (AK-HSDH) which
‘Hutcheson’ at Clemson University. J87-233 is of ma- has been mapped near the gene conferring seed coat
turity group V and has tawny pubescence and purp|e COlor, i |OCUS, on LG A of the Soybean molecular
flowers. It was released in 1992 by the USDA-ARS Map [22]. This region of LG A has been reported to
because of its resistance to SCN races 1, 2, 3, 5 andcontain QTL for SCN resistance [11, 21]. The PCRrre-
moderate resistance to race 14, as well as resistance t@ction for this primer set required d-NTPs (Pharmacia
root-knot nematodéyleloidogyne incognit§23]. The ~ Biotech, Piscataway, NJ) at 240M, 4 mM MgCly,
primitive cultivar ‘Peking’, Pl 88788, and PI 90763 50 mM KCI, 10 mM Tris pH 8.0, 1.25 units Ampli-
contributed SCN resistance to germplasm J87-233. Tagpolymerase (Perkin-Elmer, Norwalk, CT), 0.12ng
‘Hutcheson’ is a SCN-susceptible cultivar of maturity Primer and ca. 10 ng DNA. The PCR thermal profile
group V with gray pubescence and white flower color Was 34 cycles of denaturation at 98 for 30 s, an-

[3]. It is widely grown in the southern USA because of Nnealing at 57C for 30 s, and extension at 7€ for

its superior agronomic qualities and high seed yield. 1.5 min. Samples were then subjected to electrophore-
The F.3 progeny of the J87-2338 ‘Hutcheson’ cross  Sis in a 2% TBE agarose gel.

as well as ‘Peking’, PI 88788 and P1 90763 were used

in all molecular analyses. Moreover, 19 soybean culti- Bloassay

vars and 31 Pls screened for SCN resistance were usedS b de bi ‘ d
in molecular analysis involving SCAR 548/563. oybean cyst nematode bioassays were per ormed on
J87-233, ‘Hutcheson’, Pl 88788, Pl 90763, ‘Peking’

DNA isolation and the 125 g3 progeny. Ten replications persF
genotype were analyzed for each of the five SCN races

Soybean DNA was extracted from first and second tri- (1, 2, 3, 5 and 14). Including resistance sources and

foliolate leaves of greenhouse plants using the CTAB parental lines, total of 6500 seedlings were tested.

method by Bendich and Rogers [2] with modifications Soybean cyst nematode race 1, 2, 3, 5 and 14 popu-
for soybean by Keinet al.[7]. lations were developed, maintained and used in bioas-

says as described in Rao-Arelli and Anand [13] and

Materials and methods

Plant material
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Figure 1. Pedigree Diagram of Germplasm J87-233. Resistant sources ‘Peking’, Pl 88788 and Pl 90763 are in boxes.

Arelli and Wilcox [1]. SCN race identity tests were ducted using MAPMAKER/EXP version 3.0 [9] using
performed as described in Riggs and Schmitt [14]. a minimum LOD score of 3.0 and maximum distance
Indices of parasitism (IP) were calculated using of 30 cM. Interval mapping was conducted in QTL
bioassay cyst counts for each genotype. The averageregions using MAPMAKER/QTL version 1.1 [10].
number of cysts per genotype was calculated and ex-  NTSYS-pc version 1.80 [15] was used to construct
pressed as a percentage of the average number of cysta consensus tree by unweighted pair group method,

found on the susceptible parent, ‘Hutcheson’. arithmetic average (UPGMA) for 50 soybean geno-
types based on their responses to SCN races 1 and 3.
Data analysis The SIMQUAL (similarity for qualitative data) func-

tion of this program computed distance association
Alinear regression of RFLP and RAPD scores against coefficients for the binary RFLP data using the match-
IP results for each of the five SCN races was con- ing (SM) equatiorm/n, wheremis the number of loci
ducted using SAS, version 6.0 [16]. Goodness of fitfor or which two genotypes carry the same allele, and
marker segregation was tested using chi-square analy js the total number of loci described. The SCAR
sis. Interactions between unlinked markers detecting molecular data for the 50 genotypes was juxtaposed

Significant loci for SCN resistance were evaluated to the tree for Comparison_ The majority_ru|e consen-
by two-way ANOVA. Linkage analyses were con-
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sus tree was determined using the SAHN (Sequential,
Agglomerative, Hierarchical, and Nested clustering)
function of NTSYS-pc [15].

Results

Molecular Polymorphism

A total of 215 soybean genomic clones were hy-
bridized to digested genomic DNA of SCN-resistant
J87-233 and SCN-susceptible ‘Hutcheson’. Most of
these clones were on linkage groups for which SCN
response-marker associations have been reported
Polymorphism between J87-233 and ‘Hutcheson’ was
detected by 83 probes (39%) with at least one restric-
tion enzyme. Overall, 33% of the clones that were
polymorphic for the J87-233« ‘Hutcheson’ cross
(ca. 11% of the total genomic clones tested) corre-
sponded to loci previously assigned to eight LGs of
the USDA/ARS soybean linkage map [18] based on
the probe/enzyme combination used and the number
and pattern of the detected fragments.

Detecting polymorphism between J87-233 and
‘Hutcheson’ with RAPD primers was more success-
ful than with genomic clones. A total of 45 decamer
primers were tested to J87-233 and ‘Hutcheson’, of
which 35 were polymorphic.

SCN association

Six RFLPs, 2 RAPDs and 1 SCAR marker showed
significance for detecting associations with resistance
to SCN races 1, 3, 5 or 14 or multiple races in lin-
ear regression analysis (Table 1). No association was
found between SCN resistance and eitherttherus
for pubescence color, or thel locus for flower color.
Figure 2 shows molecular markers for which associ-
ations with SCN resistance have been found in the
J87-233 and Hutcheson cross.

subsubsectionLinkage group A2 Most of the RFLP
markers for the region of LG A2 spanning ca. 26 cm
on either side of thé locus (USDA/ARS map) were
monomorphic for all five restriction enzymes. How-
ever, there was ca. 7.0 cM internal region with three
polymorphic markers. The dominant RFLP marker
BLT65V described 11.2% of the variation for resis-
tance to SCN race 1P&0.0002), and 17.1% for race
3 resistanceR=0.0001) (Table 1). The polymorphism
detected by codominant SCAR 548/26@y1025975
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Figure 2. Linkage group regions for QTL for SCN resistance in
87-233. The RFLP marker designation incorporates restriction en-
zyme for which polymorphism was mappedELaRl; V, EcoRV; H,
Hindlll; D, Dral; T, Tad. Markers showing significant association
with SCN resistance QTL are indicated with asterisks GCN
races 1, 3 and 5 are designated by R1, R3 and R5, respectively.
SCAR 548/563 segregates for codominant 1100 bp (resistance
pattern) and 1025 bp and 975 bp fragments (susceptibility pattern).

Figure 3. Amplification products of codominant SCAR 548/563 on
2% TBE agarose gel. R, Resistance pattern exhibited by J87-233; S,
Susceptibility pattern exhibited by ‘Hutcheson’; H, Heterozygous
pattern. Polymorphic fragments are indicated by the arrows. Frag-
ment size was estimated with Lambda DNA digested wiihdl1]

(not shown).

and described 17.5% and 18.9% of the variation, re-
spectively, P=0.0001). Linkage analysis confirmed
that marker BLT65V and SCAR 548/563 1025975
described the same region of LG A. The resistant,
susceptible and heterozygous amplification patterns of
SCAR 548/563 are shown in Figure 3.

Another RFLP marker, K400I, was linked to the

was associated with resistance to SCN races 1 and 3SCAR 548/563100 1025075 locus at a distance of
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Table 1. Molecular marker associations for SCN resistance in the population of
J87-233x ‘Hutcheson’

Marker TypeLG  SCNRace Fvalue > R2
BLT65V RFLP A2 1 14.57 0.0002 0.112
3 23.60 0.0001 0.171
K400l RFLPA2 1 4.90 0.009 0.078
3 12.46 0.0001 0.179
548/563100/1025975 SCARA2 1 11.48 0.0001 0.175
3 13.01 0.0001 0.189
KO02H RFLP F 1 4.28 0.016 0.072
6 5 3.87 0.024 0.065
K069T RFLPG 1 6.58 0.002 0.119
3 2.70 0.072 0.053
A131T RFLP M 1 6.11 0.015 0.069
3 6.12 0.015 0.059
5 5.57 0.020 0.054
A426D RFLPUL 14 7.74 0.006 0.065
0A087g0 RAPDUL 14 7.20 0.008 0.059
0G08 130 RAPDUL 14 6.03 0.015 0.049

UL, unlinked markers

5.2 cm (Figure 2). K400l was also highly signifi- resistance to race 1 and 3, and another cluster con-
cant for resistance to SCN races 1 andP3-=0.009 tains genotypes with the susceptibility SCAR pattern
and 0.0001, respectively). Interval mapping of the and susceptibility to race 1 and 3. However, several
BLT65V-SCAR 548/563100/1025975-K400I region by genotypes did not show this straightforward correla-
0.10 cm intervals using MAPMAKER/QTL version tions. For example, Pl 92720 exhibited the resistance
1.1 resulted in the detection of two QTLs for SCN allele for SCAR 548/563 yet is susceptible to SCN
resistance. For race 1, the QTL mapped to the SCAR race 1, and ‘Columbia’ exhibited the susceptible al-
548/563 1001025975 With a log-likelihood estimate of  lele for SCAR 548/563 yet is moderately resistant to
3.3. Forrace 3, the QTL was localized 1.4 cm fromthe SCN race 1 and resistant to race 3. Pl 209332, used
SCAR 548/5631001025975 locus toward the K400l  for mapping of SCN resistance genes [5], has a sus-
locus, with a log-likelihood of 5.6. Pairwise t-tests ceptibility molecular pattern for SCAR 548/563, and
[16] of IP means between genotypes homozygous andexhibits moderate susceptibility to SCN race 1 and re-
heterozygous for SCAR 548/563 1025975 Showed sistance to race 3. In comparison, Pl 88788 exhibits a
that the mean IP of individuals homozygous for ‘re- resistance molecular pattern of SCAR 548/563 and is
sistance’ allele and individuals heterozygous for the moderately susceptible to SCN race 1 and resistant to
SCAR marker were statistically equaP-£0.15 for race 3.
race 1, andP=0.07 for race 3) indicating dominance at
the locus. Mean IP values for individuals homozygous Linkage group G
for the ‘susceptible’ SCAR allele and homozygous Clones A378, A586, and B053, Bngl22 were used
for the ‘resistance’ SCAR allele were significantly to investigate polymorphism in the two opposite re-
different for both races 1 and 8£0.0002). gions of LG G. Clones A378, B053 and Bngl22
To further investigate marker-SCN association on produced monomorphic markers with all five restric-
LG A, SCAR 548/563 was tested to 50 soybean ac- tion enzymes for J87-233 and ‘Hutcheson’. Marker
cessions. Figure 4 shows the UPGMA dendrogram C006 [5], which is located 1.9 cm toward the chro-
of 12 cultivars and 38 Pls based on response to SCN mosome end from B053 locus, has not been tested. In
race 1 and race 3. Two major clusters were identified. the region of major QTL for resistance on LG G [5,
One large cluster contained genotypes characterized6], no polymorphism for BO53 between the primitive
by the resistance pattern of the SCAR marker and resistance sources, and J87-233 and ‘Hutcheson’ was
observed. For clone Bng12Rral polymorphism was
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Figure 4. UPGMA consensus tree of 50 soybean accessions developed from SCN race 1 and 3 resistance data. Numeric scale indicates level
of similarity between groupings. Genotypes were homozygous for the SCAR 548/563 as confirmed by analysis of 5 individuals per genotype
(R, resistance or S, susceptibility SCAR patterns). The SCAR pattern is presented in Figure 3. Response of soybean genotypes are according to
Schmitt and Shannon [17]: R, resistant 6R0—9%); MR, moderately resistant @10—-30%); MS, moderately susceptible £FB81—-60%);

S, susceptible (IR 60%).

detected between PI 90763 and two others primitive was polymorphic, but not significant for any SCN race
resistance sources Pl 88788 and ‘Peking’. Both J87- resistance.

233 and Hutcheson exhibited the same allelic pattern

of Pl 88788 and ‘Peking’. Marker K69T, c. 18.5cM Linkage groups F, J, M and N

from BO53-1 [18], was polymorphic, and proved to Marker KOO2H on LG F showed some level of as-
be significant P=0.002) for SCN race 1 resistance. sociation with race 1 and 5 resistané=0.02) (Ta-
Marker K69T described 11.9% of the variation for the ble 1). About 30 cM of the LG M region were tested
race 1 resistance, but there was no significant asso-with A226, A715, K417, K024,and A131 clones.
ciation with any other race (Table 1). Marker A586T Only markers A226H and A131T detected polymor-



365

phisms for this region. Both markers represented the resistance near thicus conferring seed coat color on
allelic pattern of resistance sources in J87-233. Marker LG A. Previously, Matson and Williams [12] showed
A131T was found to be associated with resistance to the existence of a dominant gefha;, tightly linked

races 1, 3 and 5R=0.02) and explained significant
variation for SCN resistance (Table 1).

For LG J, markers generated by B032, A233, A724
and A199 clones (7.7-15 cM from B032-1 [18]) tested
to J87-233x ‘Hutcheson’ cross were not significant
for any SCN race resistance. A region of LG N,
flanked with RFLP markers A280-1 and A071-1 and
previously reported by Concibidet al. [5], was not
significant for SCN resistance.

Vierling et al. [20] have reported RFLP markers
AO06, A567, A487 and All2 of LGs B, S, A and
F, respectively, which together described more than
90% of the variation for SCN resistance in a popula-
tion derived from a cross between cultivars ‘Williams
82’ and ‘Hartwig’. ‘Hartwig’ was derived from the
cross ‘Forres? x Pl 437654. ‘Forrest’ derives its
resistance from ‘Peking’, which shares similar SCN
resistance loci with Pl 437654 [21]. In this analysis,
the four clones were monomorphic for the J87-233
x Hutcheson cross with the five restriction enzymes
tested.

Other associations
Marker A426D was the only RFLP that detected any
level of significance for race 14 resistan&e=0.006).

to thei locus. J87-233 and ‘Hutcheson’ carried identi-
cal alleles for seed coat color at this locus, hence the
population could not be scored for this trait. However,
three markers (BLT65V, SCAR 548/563¢1025975
and K400I) close to thé locus were informative for
this population and also highly significant for resis-
tance to SCN races 1 and 3. The pairwigests of
IP data also showed dominant QTL action for resis-
tance to SCN races 1 and 3. Retained polymorphisms
of LG A2 region near the SCN resistance locus may
indicate usefulness of this region in marker-assisted
selection for SCN resistance. Indeed, primitive resis-
tance sources and J87-233 had identical marker allele
for BLT65V, SCAR 548/56310(;/1025975&('1(1 K400lI.
Concibidoet al. [5, 6] reported no evidence for
the presence of a resistance locus on LG A for races
1, 3 and 6, for populations derived from Pl 88788,
Pl 90763, ‘Peking’ and Pl 209332. Differences in
the QTL detection between research groups are likely
due to variability of germplasm as well as diversity
of SCN isolates used for bioassays. This is supported
by Skorupskeet al. [19] reporting molecular diver-
sity and SCN response in primitive germplasm-labeled
‘Peking’. The combination of SCAR 548/56@ore-
sistance allelic marker and black seed coat color in

The allelic pattern of resistance sources was presenttested soybean genotypes suggests that it may repre-

in J87-233 for this marker. The two unlinked RAPD
markers, OAO08so and OG08130 were the only other
markers which showed significance for SCN race 14
resistance #=0.008 andP=0.02, respectively) (Ta-
ble 1).

Loci interactions

Interactions between detected loci of LGs A, F, G
and M (Figure 2) were tested in all possible two-
way ANOVA. For race 1, locus BLT65V-SCAR
548/563 1001025975 on LG A2 showed epistatic in-
teraction with markers for SCN resistance on LG F,
LG G and LG M atP=0.0001. For race 3, significant
interaction was detected between loci on LG A2 and
LG M at P=0.0007. No significant loci interaction was
detected for race 5.

Discussion

Webbet al.[21] as well as Mahalingam and Skorupska
[11] have reported a dominant action of the QTL for

sent ancestral gene arrangement. In support of this
is a documented linkage of the SCN resistance gene
and thei allele for seed coat color of resistant plant
introductions and the presence of thallele in soy-
bean progenitors. Possible recombination between the
SCAR allele and the QTL encoding resistance (or mu-
tations) in the region on LG A2 could explain the lack
of a straightforward correlation between the SCAR
pattern and SCN response in the tested soybean acces-
sions. The observed variation may also imply that the
locus for resistance may be quite complex with closely
linked QTLs encoding specific responses to different
races. The SCN resistance locus might be a cluster of
genes, within which new resistance genes can occur
through DNA rearrangements, i.e., unequal crossing
over or mutation. We don't know if the detected sepa-
rate QTLs on LG A2 are the result of statistical artifact
or indeed are two closely linked genes. Positional
cloning in this region should resolve uncertainties re-
garding organization of the locus for SCN resistance
on LG A2.
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Concibidoet al. [6] reported a major locus for
SCN resistance on LG G. In our study, the markers in
this region were uninformative and only marker K69T,
which is 18.5 cm from the reported QTL [18] was
significant for race 1. Since major QTL could be de-
tected by markers 10-15 cm from QTL peak [4], the
strong association of the K69T with SCN resistance
exemplifies the importance of the previously identi-

cross. Using this type of cross for genetic mapping
research can best accomplished with a large sized pop-
ulation. We employed a modest population of 125
F> lines for which eight linkage groups, covering ca.
30% of the genome, were tested and some significant
associations might have not been uncovered; for exam-
ple, none of the tested genomic region was associated
with race 2 SCN in this population. Highly significant

fied locus on LG G. Recombination within this region marker associations with SCN resistance QTL are in-
may have occurred resulting in the loss of the Bng122 frequent in an k population compared to populations
and B053 resistance marker allele while the resistance comprised of RILs in which moderate phenotypes may
phenotype was retained in the J87-233. Interestingly, be lost and extreme phenotypes begin to dominate. De-
only P1 90763 had a different allele for Bng 122, and tecting marker associations at highly significant levels
despite the use of this germplasm later in developmentin the hybrid population between advanced breeding
of J87-233, the allele was not transmitted. It has been germplasm and cultivar, where differences in genetic
suggested that the region of LG G harbors alleles for noise have not been reduced as with recombinant in-
yield suppression [5]. Due to this possibility, polymor- bred lines (RILS) is exceptional, and lends credence
phism of Bng122 and B53 might have been eliminated to their legitimacy. In our study, the confidence level
along with alleles for yield suppression in the devel- with which two major loci have been detected reduces
opment of J87-233. Further, the distal location of the the probability of Type | errors in which marker as-
QTL as indicated by its map position on the LG G [4, sociations are detected that are actually false or less
5] may contribute to its frequent recombination. The significant. Our findings, and the corresponding ge-
expansion of the linkage map resulting from higher nomic regions identified by Chanet al. [4] in a
recombination frequency in the terminal chromosomal 100 RIL population derived from SCN-resistant ‘For-
region may cause a drag of the QTL effect along large rest’ and SCN-susceptible ‘Essex’, suggest that the
genetic distance as was observed in the J87-233 regions on LG A2 and LG g are of the greatest util-
‘Hutcheson’ population. ity for use in breeding populations. However, the

Several investigators [4, 8, 11, 21] previously re- detected associations between molecular markers and
ported evidence of epistatic interactions amongst loci SCN resistance are yet unreliable in revealing all re-
on LGs A2, G and M involving SCN race 3 resistance. combinational events occurring in breeding programs
Similar analyses in J87-233 'Hutcheson’ population ~ for SCN resistance.
indicate an epistatic relationship between LG A2 and
G, but only for race 1. This would further support the
previous evidence that epistatic interactions between Acknowledgements
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